with a considerable amount of residual O-moieties. 7, 12 Also, hydrazine treatment leads to the formation of nitrogen-functional groups, 7, 12 along with the inherent toxicity of hydrazine. Improvements have been accomplished by either postheating at low temperatures (200À500°C), 8, 10, 11 or by replacing hydrazine by alternative less toxic reducing agents, for example sodium borohydride or alkaline solutions. 13, 15 The use of nontoxic and biocompatible reducing agents such as vitamin C (L-ascorbic acid), 16 green tea, 17 melatonin, 18 saccharides such as glucose, fructose, and sucrose 19 or the use of environmentally friendly processes such as hydrothermal dehadration 20 have also been reported. In another approach, 21À23 the reduction of GO was achieved by a TiO 2 assisted photocatalytic method, in which the electrons photogenerated by UV-irradiated TiO 2 were injected into GO reducing the oxygen-containing functional groups. Such low-temperature deoxygenating processes, although not completely effective in reducing GO, are amenable to electronic applications of graphene patterned onto glass or plastic substrates as well as to the synthesis of a wide range of functional hybrids with use in polymer composites, biosensors, energy storage, and conversion technologies. 24 In comparison, thermal reduction at high temperatures (900À1000°C), particularly in ultra-high vacuum (UHV), is found to be highly efficient in producing graphenelike films with a significantly high C/O ratio, 12 with no introduction of any contaminants. However, such high-temperature processing is unlikely to be compatible with fabrication techniques used for most electronic applications. Practically the majority of the studies report the presence of various amounts of residual oxygen in reduced graphene oxide, with the electrical conductivity reaching values several orders of magnitude lower than that of mechanically exfoliated graphene.
To make further progress on optimizing and designing reduction processes, which is key to numerous applications, GO needs to be well characterized and its thermal deoxygenation needs to be well understood. Thermal reduction of GO has been shown to involve the removal of oxygen groups by formation of carboneous species (CO 2 , CO) thus creating defects in the form ABSTRACT: Despite the recent developments in graphene oxide due to its importance as a host precursor of graphene, the detailed electronic structure and its evolution during the thermal reduction remain largely unknown, hindering its potential applications. We show that a combination of high-resolution in situ X-ray photoemission and X-ray absorption spectroscopies offer a powerful approach to monitor the deoxygenation process and comprehensively evaluate the electronic structure of graphene oxide thin films at different stages of the thermal reduction process. It is established that the edge plane carboxyl groups are highly unstable, whereas carbonyl groups are more difficult to remove. The results consistently support the formation of phenol groups through reaction of basal plane epoxide groups with adjacent hydroxyl groups at moderate degrees of thermal activation (∼400°C). The phenol groups are predominant over carbonyl groups and survive even at a temperature of 1000°C. For the first time, a drastic increase in the density of states (DOS) near the Fermi level at 600°C is observed, suggesting a progressive restoration of aromatic structure in the thermally reduced graphene oxide.
The Journal of Physical Chemistry C ARTICLE of etch holes within the graphene basal plane. 10, 11 There is however very little knowledge on how the oxygen containing functional groups of graphene oxide evolve during thermal reduction. 6, 11, 25 Theoretical and experimental studies have shown that formation of thermodynamically stable carbonyl and ether groups through transformation of the initial nearby hydroxyl and epoxy groups during thermal annealing, but little is known on the survival of the persistent residual oxygen groups.
The specific objectives of the present work were i) to elucidate the evolution of oxygen groups and probe their survival rate upon heat treatment; ii) to determine the nature of the residual oxygen containing functional groups that remain after reduction; iii) to clarify how the heat treatment affects the electronic structure of GO. To do that, we carried out high-resolution in situ C 1s and O 1s core level and Valence band X-ray photoemission as well as X-ray absorption temperature dependent spectroscopic studies on GO. The analysis of these studies helped to develop a comprehensive view into the temperature evolution of electronic structure and surface chemistry of GO nanosheets. We found a predominance of phenol groups, which originate from the reaction of basal plane epoxide groups with adjacent hydroxyl groups, at moderate temperatures. It was established that these phenol groups survive even at temperatures of 1000°C.
' EXPERIMENTAL SECTION Synthesis. Highly oxidized graphene oxide (GO) was produced using a modified Hummers' process. 8 The starting material graphite powder (product: 78391) with particle size e20 μm was purchased from Fluka and is denoted here as pristine graphite. All other chemical and reagents were purchased from Aldrich.
A mixture of 2.5 g of graphite and 1.9 g of NaNO 3 was placed in a flask cooled in an ice bath; 85 mL of H 2 SO 4 was added to the mixture and stirred until homogenized. Solution of 11.25 g of KMnO 4 in distilled water was gradually added to the solution while stirring. After 2 h, the solution was removed from the ice bath, and further stirred for 5 days. Finally, brown-colored viscous slurry was obtained. The slurry was added to 500 mL aqueous solution of 5 wt % H 2 SO 4 over 1 h while being continuously stirred. The mixture was stirred for a further 2 h. Subsequently, 10 mL of H 2 O 2 (30 wt % aqueous solution) was then added to the mixture and stirred for further 2 h. This mixture was then left to settle overnight. The mixture was filtered and further purified by dispersing in 500 mL aqueous solution of 3 wt % H 2 SO 4 and 0.5 wt % H 2 O 2 . After two days of precipitation, the supernatant solution was removed. This process was repeated five times. The solid product obtained after the rigorous cleaning process was rinsed using copious amounts of distilled water and dried in an oven, as reported in literature. 8 The resulting solid was dispersed in water by ultrasonication for 2 h to produce a GO aqueous dispersion. After one-day sedimentation, the thick flakes were removed and the supernatant was collected for further measurements.
Characterization Techniques. High-resolution transmission electron microscopy (HRTEM) analysis were carried out using JEOL 2100F, which has a point resolution of 0.19 nm. TEM samples were prepared on Holey carbon-coated Cu 300 mesh grids.
High-resolution X-ray photoelectron spectroscopy (XPS) analysis was carried out using SCIENTA ECSA 300 equipped with monochromatic Al KR (hυ = 1486.6 eV) X-ray source at NCESS Daresbury Laboratory. Surface charging effects (due to insulating nature of as prepared GO) were compensated using a Scienta FG300 low-energy electron flood gun at 4.0 eV.
Step sizes of 1 and 0.05 eV were used for survey and high-resolution spectra, respectively. Spectra were collected at room temperature and then at intervals of 200°C up to 1000°C. Heating for 2 min was done inside the chamber under UHV conditions of the order of 10 À7 Torr using electron-beam heater, with electron beam impact on the back surface of the Si substrate. The samples were cooled before collecting the spectra. High-resolution in situ valence band (VB) photoemission spectra were simultaneously collected at each temperature. For all spectroscopic studies, GO nanosheets were drop dried under infrared lamp to prepare thin films on Si substrates. Quantification was performed using the data analysis software (the ESCA300 data analysis software), associated with the SCIENTA ECSA 300 equipment, after performing a Shirley background correction. Calibration was carried by alignment of the spectra with reference to the C 1s line at 284.5 ( 0.2 eV associated with graphitic carbon. Binding energies were calibrated by the position of the Fermi cutoff of a gold foil for valence band data, and by the position of the Au 4f 7/2 line (84.0 eV) in the case of core level data.
High-resolution in situ near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was performed at Synchrotron Radiation Source (SRS), Daresbury Laboratory. Measurements were carried out at station 5U.1. Spectra at C K-edge and O K-edge were recorded in a total energy yield (TEY) mode at room temperature, 400, 600, and 800°C. All recorded spectra were normalized to the signal obtained from a gold covered grid. 26 The initial GO sample was characterized by X-ray diffraction (XRD) and Raman spectroscopy, before and after the in situ temperature dependent XPS studies. XRD data were collected using a Philips 1050/81, for a step size of 0.02 and dwell time of 1 deg/min at standard potential and current settings of 40 kV and 20 mA respectively employing a monochromatic Cu KR radiation source (λ = 1.54 Å). Raman spectroscopy was performed using Argon laser (λ = 514.78 nm) at an ISA Lab-Raman system. Thermogravimetric analysis (TGA) was performed using a SDT Q600 V8.3 Build 101 system at a ramp rate of 1°C/min up to 1000°C in Nitrogen flow of 100 mL/min.
' RESULTS AND DISCUSSION Structural Characterization. High-Resolution Transmission Electron Microscopy (HRTEM) and Evidence of Graphitic C-backbone of GO. HRTEM studies revealed the microscopic characteristics of as-prepared GO nanosheets, consisting of 2À4 layers ( Figure S1 of the Supporting Information), with limited sizes ranging from a few hundred nanometers to a couple of micrometers and a roughened surface due to the partial amorphous nature of the sample derived from the harsh oxidation steps involved in Hummers' method. 5, 8 Part a of Figure 1 exhibits a typical TEM image of the triple-layered GO with the crosssectional profile (bottom insert of part a of Figure 1 ). Despite the presence of such significant amount of O-species the long-range orientational order is maintained. This is clear from the selected area electron diffraction (SAED) patterns (top insert of part a of Figure 1 ), where triple layers exhibited three sets of diffraction points. The occurrence of these misoriented hexagonal patterns implies an incommensurate stacking of the GO sheets. This is not surprising as the functional groups protruding from the GO The Journal of Physical Chemistry C ARTICLE planes are expected to decouple the interactions between the carbon backbones of neighboring layers.
X-ray Diffraction (XRD). As evidenced from the XRD spectra (part b of Figure 1 ), the starting pristine graphite, PG, exhibits atomically flat pristine graphene sheets with a well-known van der Waals thickness of ∼0.337 nm, 7, 9, 27 estimated by using Bragg's equation for the (002) peak located at ∼26.4°. The (002) diffraction peak is found to be shifted for GO to ∼11.3°i ndicating higher interlayer spacing (Δss = 0.782 nm). The highly oxidized GO sheets are expected to be thicker, 6, 7, 28 due to intercalated water molecules trapped between adjacent graphene oxide sheets, 29 with the Δss values been reported to vary from ∼0.6 nm for dry GO to ∼1.2 nm for hydrated samples. 7 The difference on the interlayer distance estimated by TEM (0.48A) and XRD (0.78 A) techniques can be explained bearing in mind the sample preparation and the environment in which the measurements were carried out. XRD measurements were performed on the samples comprised of thin films of GO in air, whereas TEM measurements were carried out in vacuum, on samples produced from dilute dispersion of GO on a TEM grid. The (002) XRD peak for GO shows considerably larger full width half-maximum (fwhm), compared to PG. Upon thermal reduction (at 1000°C in vacuum), the TRGO sample (originated from the GO) exhibits a structure closer to pristine graphite PG as revealed by the shifting of (002) peak back to 26.4°(Δss = 0.337 nm), even though its fwhm still remained larger than that of PG (part b of Figure 1 ), implicating the presence of strains/defects.
Raman Spectroscopy. Raman spectroscopy has played an important role for characterizing graphitic materials because it is able to provide information on crystalline size, the degree of hybridization, crystal disorder, the extent of chemical modification, and distinguish single layer graphene or nanotubes from multilayer ones. 30À38 The micro-Raman spectra (part c of Figure 1 ) of all of the samples exhibited three main characteristic peaks: the G mode, a doubly degenerate (TO and LO) phonon mode (E 2g symmetry) at the Brillouin zone center observed at ∼1575 cm À1 , originating from in-plane vibration of sp 2 carbon atoms; the D mode arising from the doubly resonant disorder-induced mode (∼1350 cm À1 ) and the symmetry-allowed 2D overtone mode (∼2700 cm À1 ). 31À34 The GO sample shows a prominent D peak with intensity comparable to G peak, in sharp contrast to the smaller D peak of PG, indicative of significant structural disorder due to the O-incorporation. The D band, attributed to in-plane A1g (LA) zone-edge mode, is innately Raman-active at the graphitic edges.
31À33, 35 Consequently, for small graphene sheets with limited sizes, like the GO nanosheets synthesized by the harsh Hummers' method, the D band is expected to develop dramatically. Additionaly, the sharp increase in I D /I G ratio (from ∼0.26 for PG to 0.93 for GO) indicates a decrease in the in-plane crystal or domain size 30 from ∼17 nm (PG) to ∼4.7 nm (GO). The G peak of GO is shifted to higher wavenumbers (∼ 15 cm
À1
) and broadens significantly with respect to that of graphite. Similar upward shifting of the G band has been observed in heavily oxidized carbon nanotubes 39 and was related to the emergence of a new Raman active band (D 0 mode, ∼1620 cm À1 ) overlapped with the G band. 30 The D 0 band, usually inactive, becomes Raman-active due to phonon confinement caused by defects. 40À42 Besides the influence of D 0 band, Kudin et al. 35 have considered the contributions from the isolated double bonds as been responsible for yielding Raman bands at little higher frequencies, for heavily oxidized GO. The vacuum-heat treatment (at 1000°C) tends to shift back the Raman peaks (∼ 12 cm À1 red-shift of G peak with respect to GO), closer to the positions recorded for PG, indicative of the tendency to recover the hexagonal carbon network. The 2D band at ∼2700 cm
, which originates from a two phonon double resonance Raman process and is indicative of crystalline graphitic materials, exhibited the most interesting changes. Generally, the position and shape of the 2D peak are highly sensitive to the number of graphene layers, and has been utilized to distinguish the single-layer from few-layer graphene. 31À34 For the graphene samples prepared by micromechanical exfoliation of graphite 31, 33 or by chemical vapor deposition 34 on thin metal (e.g., nickel) films, the single sharp 2D peak of monolayer graphene has been observed to become wider and asymmetric with an upshift in peak position, with increasing the layer number. However, in our study it is not possible to determine the number of layers in the thermally reduced GO The Journal of Physical Chemistry C ARTICLE because the GO nanosheets were drop dried on a Si substrate to prepare a thin film. Hence, the Raman spectrum is the resultant signal of several stacked nanosheets, each one consisting of a few layers (2À4, as observed from TEM). The steep decrease in intensity and broadening of the 2D peak for GO compared with those of PG are mainly attributed to the steric effects of oxygen moieties on the stacked layers as well as to the partial amorphization and reduction in sp 2 domains. 31, 38 Interestingly, the TRGO exhibits two distinguishable peaks close to 2700 and 2950 cm À1 corresponding to the 2D band and to a (D + G) combination mode induced by disorder. 32 Such remarkable features, namely the simultaneous emergence of a sharp 2D band and of a lower intensity distinguishable D + G peak, vividly support the presence of smaller disorder in TRGO, when compared with GO.
Interestingly, after annealing a slight increase in the D peak intensity is observed, with the I D /I G ratio increased to ∼1.1, indicating a decrease in the size of sp 2 domains upon thermal reduction (∼4 nm). Naturally, a decrease in this ratio would be expected upon annealing because the disorder associated with the oxygen defects diminishes. Our experimental observations suggest that for the TRGO sample (heated at ∼1000°C), even though the sp 2 sites are partially restored, the forced removal of oxygen at such high temperature leads to the creation of strains and/or topological defects on the C structure, 6, 27 and hence to the isolation of the sp 2 clusters forming smaller and dispersed sp 2 domains. Similar behavior that is a slight increment or no change in I D /I G ratio has been observed in a number of studies 7, 43 involving post heating hydrazine reduction. Recent studies 36, 41 have shown that the intensity ratio I 2D /I D+G may be a powerful indicator for the aromatic C-structural order of the graphitic materials, because the 2D band is sensitive to the aromatic C-structure, whereas the combination mode of (D + G) is lattice disorder induced band for crystalline graphitic materials. 37 Wellresolved 2D and (D + G) bands in TRGO sample and its higher I 2D /I D+G ratio (1.3 times higher than GO) indicate the restoration of aromatic C-structure upon thermal reduction of GO.
36,37
High-Resolution In Situ X-ray Photoelectron Spectroscopy (XPS) Analysis. Identification of Oxygen Moieties on GO structure. Immediate observations from wide energy scan spectrum (WESS) of as prepared GO showed a clear shift in the XPS bands toward higher binding energy (BE) reflecting a significant surface charging effect due to the electrically insulating nature of GO (part a of Figure S2 of the Supporting Information). After annealing, the oxygen content in TRGO becomes less than 2.9 at%, which is close to the value in graphite powder (3.4 at%), as seen in Table  S1 of the Supporting Information. High-resolution C1s spectrum exhibited well-defined double peak formations, which is a signature of extreme oxidization in GO (at RT, part a of Figure 2 ). The assignment of C1s and O1s components were based on theoretical predictions of core level shifts and on reported spectra containing the particular oxygen functional groups. The XPS peaks were fitted to Voigt functions having 80% Gaussian and 20% Lorentzian character, after performing a Shirley background subtraction. In the fitting procedure, the fwhm values were fixed at a maximum limit of 1 eV for all of the peaks. The sp 2 peak of the C1s envelope centered at 284.5 eV had a fwhm of 1.0 ( 0.2 eV. It was found that the bands appearing at the higher energy region tended to be much broader (fwhm ∼1.7 eV) than the sp 2 component. In particular, the fwhm of the components at the tail of the C1s envelopes tended to be much wider than 2 eV. In addition to the sp 2 graphite component at 284.49 eV, we found four broad components to account for the overlapping C1s features. The component at 285.86 eV is assigned to C atoms directly bonded to oxygen in hydroxyl configurations (shifts of 1À1.5 eV to higher BE). The component at 286.55 eV is attributed to epoxide group (CÀOÀC), and the smaller components at 287.54 and 288.94 eV are related to carbonyl (>CdO) and carboxyl groups (COOH or HOÀCdO). The assignments are in agreement with the literature, 7,10À12,14,27,43À45 even though there is considerable vagueness and subjectiveness. One important issue is related to the presence of carbonyl >CdO groups: the basic model of GO electronic structure by The Journal of Physical Chemistry C ARTICLE LerfÀKlinowski et al. 29 has not accounted for any >CdO moiety, whereas the D ek any model 46 and later Ajayan et al. 15 identify its contribution. On the contrary, reports by Jeong et al. 27, 47 claim the absence of any experimental evidence of >CdO group, accepting the LerfÀKlinowski model, 29 which assumed the doubly bonded oxygen CdO species exist only as part of the COOH groups at the edge sites of GO sheets. In a number of reports on GO, the deconvolution of C1s spectra has been performed using four components, namely sp 2 , CÀOH, CÀOÀC, and COOH, ignoring the presence of >CdO groups; 9,27,29,47 whereas other reports 7,10,11,14 consider only one peak for singly bonded oxygen C-O groups, performing 4-peak-deconvolution for sp 2 , C-O, >CdO, and COOH.
The starting graphite (PG) shows 2 main peaks, namely sp 2 (284.47 eV) and CÀOH (285.53 eV) (insert of part f of Figure 2 ). The presence of a weak C-O peak (∼285.5 eV) in graphite, associated with atmospheric oxidation, has previously been observed by Hontoria-Lucas et al. 43 Furthermore, Barinov et al. 44 assigned the same peak at ∼285.6 eV to C-O single bond, calculating its close chemical shift of ∼1À1.5 eV to higher BE relative to sp 2 peak. Here, we have judiciously assigned the peak at ∼285.5 eV to hydroxyl/phenolic group, and its neighboring peak at ∼286.5 eV to epoxy group, because it should have a larger BE compared to hydroxyl groups. 12, 27, 45 The CdO double-bond emission occurs at even higher BE range and arises from >CdO (∼287.5 eV) followed by COOH (∼289 eV).
12,45
Contribution of Oxygen Moieties on GO structure. In pristine GO, the C/O atomic ratio, calculated by dividing the area under C1s peak with that of O1s peak-area and multiplied by the ratio of photoionization cross sections, was found to be only 2.08 (insert of part c of Figure 2) , with a C contribution of ∼67.5% (Table S1 of the Supporting Information). Another important parameter that can be used to characterize the degree of oxidation in GO is the sp 2 carbon fraction, which was estimated by dividing the area under sp 2 peak with that of C1s peak-area. We found, the sp 2 fraction of GO is only 40% (part a of Figure 3 ). Carbon atoms connected with hydroxyl and epoxy groups are sp 3 hybridized. In the basal plane, carbon atoms bonded with CÀOÀC (epoxides) prevail over (1.5 times higher) the hydroxyl CÀOH groups (Figure 3 ), in agreement with molecular dynamic simulations, according to which the ratio of epoxides to hydroxyls increases with increasing the oxidation. 10, 11, 28 The contribution of >CdO and COOH is found to be more substantial compared to CÀOH and CÀOÀC ([>CdO + COOH]/[CÀOH + CÀOÀC] = 1.4). This can be understood bearing in mind that at harsh oxidization conditions, such as those encountered in Hummers' process, the oxidization of C-O single bonded groups to CdO double bonded species is energetically favorable, 15, 27, 46 Interestingly, maximum contribution is found from >CdO groups. Their profusion in GO supports their definite existence on GO as predicted by the D ek any model, 46 which identified >CdO contributions in the form of ketones/ quinines, updating the Scholz-Boehm 48 and Hontoria-Lucas 43 models. More recently, Ajayan et al. 15 suggested the possible generation of ester carbonyls through the reaction of tertiary alcohols with nearby carboxylic acids, at high degrees of oxidation.
Thermal Evolution of GO. Restoration of Aromatic C-Structure. Upon heating under UHV, the C1s spectrum exhibits a transformation from a double peak at room temperature to a single sharp peak (∼284.5 eV) at 1000°C, resembling the C1s peak of PG and been indicative of a trend to restore the sp 2 bonding graphene character (part b of Figure S2 of the Supporting Information). A clear shift of peak-maxima back to lower BE with increasing temperature signifies the transformation of electrically insulated GO to the conducting nature of graphite. The evolution of the C/O atomic ratio (insert of part c of Figure 2 and Table S1 of the Supporting Information) reveals an increase in C-content as reduction temperature (T r ) increases, and an associated decrease of the O groups. A maximum C-content of ∼97% can be achieved upon heating at 1000°C, with only ∼3% of remnant O contribution (C/O ratio ∼33.02), alike PG (Table S1 of the Supporting Information). The (πfπ*) shakeup satellite peak, observed for PG (insert of part f of Figure 2 ) around ∼290.5 eV, appears upon heating at high temperatures g400°C (parts cÀf of Figure 2 ). This indicates that the delocalized π conjugation, a characteristic of aromatic C structure, is to some extent restored in TRGO samples. 10, 11, 15 Thermal Stability of Hydroxyl Groups. Parts a and b of Figure 3 present (i) the relative contribution of the carbon bonds The Journal of Physical Chemistry C ARTICLE in GO and (ii) the normalized intensity of O-related peaks (relative to sp 2 peak-intensity) as a function of annealing temperature in UHV respectively. These figures serve as useful guides for monitoring the evolution of the functional groups and provide insight into the mechanism of thermal reduction process. At room temperature the determination of separate >CdO and COOH contributions was possible, however for temperatures higher than 200°C, we denote their combined involvement as CdO (oxygen doubly bonded to carbon), since the deconvolution into two separate peaks was not feasible. Useful information can be obtained from the dispersion of the peak positions as a function of temperature. It is worth pointing out that at 200°C, the CdO peak is centered at ∼288.3 eV, between the >CdO (∼287.5 eV) and COOH (288.9 eV) components (part a of Figure 2 and part a of Figure 4) . However, at high temperatures it shifts to BE representative of >CdO. Therefore, it is reasonable to postulate that at low reduction temperatures (T r < 400°C) the doubly bonded CdO component has contributions from both >CdO and COOH groups, however at higher temperatures (T r > 600°C) is dominated by >CdO groups.
In part b of Figure 2 one can note that at T r >200°C the CÀOÀC is reduced fast, and at T r g 400°C, it is hard to be identified (parts dÀf of Figure 2) . Interestingly, over the temperature range 200À400°C the CÀOH increases rapidly (region II of part b of Figure 3 ), followed by a reduction at T r > 400°C (region III of part b of Figure 3 ). CÀOH persists even at 1000°C, at a level similar to that observed in the original graphite material PG (blue dotted line, part b of Figure 3 ). Our observations are consistent with other reports, where the CÀOH contribution survives in TRGO showing that annealing at 1000°C is not adequate to completely remove the oxygen, 10À12,14 even though possessing higher C/O ratio (∼33.02). Complete thermal pyrolysis of CÀOH is thermodynamically difficult, 28 mainly due to its intercalating position into the interlayer galleries between intact conjugated domains. 46 Thermo-Gravimetric Analysis (TGA) Studies. Interestingly, the anomalous trend of CÀOH (part b of Figure 3) clearly implicates a double transition zone on the reduction path of GO.
The phenomenon is vividly illustrated in TGA results (part b of Figure 4 ). The GO starts to lose mass upon heating even below 100°C, which is associated with elimination of loosely bound or adsorbed water and gas molecules. First, major mass loss can be observed along with an exothermic signal of mass loss rate (dW/ dT, I, part b of Figure 4 ) around 200°C, yielding CO, CO 2 and steam as byproduct of the reduction process. Second, the largest mass loss, and corresponding exothermic dW/dT signal, starts at T r > 300°C and continues until 600°C, (II, part b of Figure 4) . The higher curvature in TGA curve and the asymmetric nature of dW/dT signal, at 300À500°C, implies the presence of two antagonistic activities: either (i) release of byproduct and subsequent trapping and/or (ii) loss of doubly bonded CdO component and simultaneous feeding of C-O singly bonded oxygen groups. In the same phase, CÀOH also shows an increase (region II of part b of Figure 3 ), whereas CdO species decrease. Above 500°C, higher slope in TGA & sharp-rise in dW/dT signal indicate a rapid decomposition of O-species, as observed in part b of Figure 3 (region III).
Anomalous Trend of Hydroxyl Groups and Formation of Phenol. Such anomalous trend of temperature evolution of CÀOH has never been reported before, though Lerf et al. 29 have already predicted the formation of phenol (or aromatic diol) groups during deoxygenation, even at 100°C, because of the close proximity of CÀOÀC and CÀOH on the basal plane. Presence of enolic OH species is also considered by D ek any et al. 46 in order to interpret the planar acidity of GO. Hence, it can be envisaged that initial rise of CÀOH is mainly contributed by newly formed phenolic groups in expense of CÀOÀC, which show huge loss at T r g 400°C. In addition, though CÀOÀC and CÀOH become inseparable at T r g 600°C, part a of Figure 4 clearly shows that singly bonded C-O group retains its peakposition at that of CÀOH, indicating the complete loss/conversion of CÀOÀC.
Formation of phenolic groups is clearly evidenced from the hig-resolution O1s peaks ( Figure 5 ). Deconvolution of O1s spectra (part a of Figure 5 ) produces 3 main peaks around 531.08, 532.03, and 533.43 eV assigned to CdO (oxygen doubly bonded to aromatic carbon denoted as I1), 10, 11, 14, 44 C-O (oxygen singly bonded to aliphatic carbon denoted as I2), 6, 43 and phenolic (oxygen singly bonded to aromatic carbon denoted as I3) 6 ,43 groups respectively. The pristine GO shows an additional peak at higher BE (I4À534.7 eV), corresponding to the chemisorbed/intercalated adsorbed water molecules.
14 Thermal treatment of GO clearly causes a shift of O1s spectra to the higher The Journal of Physical Chemistry C ARTICLE energy side and a simultaneous transformation of O1s spectra from a single peak to a double feature with the development of a prominent phenolic I3 peak ( Figure 5) . Although all the O-species decrease in integrated intensity with increasing T r (part a of Figure 6 ), the relative intensity of phenol group (peak I3) shows a sharp rise around 400°C (part b of Figure 6 ), as observed in C1s spectra (Figure 3 ), followed by a progressive increase relative to other species (part b of Figure 6 ). In addition, the relative intensity of peak I2, O singly bound to aliphatic C, exhibits an initial increase at 200°C and a subsequent reduction. The initial increase is most possibly due to the internal conversion of CdO to C-O at low T r , as described earlier. Undoubtedly, the evolution of O1s spectra provides further corroborating evidence on the existence of double transition zone during thermal reduction of GO.
The XPS analysis reveals the OH-moieties on basal plane are the most thermally stable species, in contrast to observations 7, 9 made on chemical reduction of GO. Further corroborative evidence on the evolution of the basal and edge plane O groups, upon thermal reduction, is provided by NEXAFS studies.
High-Resolution In Situ Synchrotron Near-Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy. Soft X-ray absorption spectroscopy probes unoccupied electronic states and is another powerful tool for characterizing graphitic materials, by providing information on the degree of bond hybridization in mixed sp 2 /sp 3 bonded carbon, the specific bonding configurations of foreigner functional atoms and the degree of alignment of graphitic crystal structures. Fingerprints of the species surviving at each step of the thermal treatment were provided by NEXAFS. Here, NEXAFS was deliberately performed at 90°incidence of the linearly polarized X-rays. At normal incidence of the polarized X-ray beam, the electric-field vector E lies within the graphene plane and thus transitions to states of σ symmetry are more prominent than those to π symmetry.
The high-resolution C K-edge NEXAFS spectrum (part a of Figure 7 ), of pristine GO, provides a clear presence of both unoccupied π* (1sfπ*) and σ* (1sfσ*) states around 285.2 and 293.03 eV respectively 49 revealing that GO nanosheets, even though highly oxidized, still maintain the aromaticity of the original pristine material, PG. Although GO produces a plethora Figure 5 . High-resolution O1s XPS spectra deconvoluted peaks with increasing T r . Figure 6 . Temperature-dependence of (a) the integrated intensity of O1s peak components (I1ÀI4), and (b) the corresponding relative contribution estimated by dividing the area under each component by whole O1s peak-area. I1 denotes CdO (oxygen doubly bonded to aromatic carbon); I2 denotes C-O (oxygen singly bonded to aliphatic carbon), I3 denotes phenolic (oxygen singly bonded to aromatic carbon), and I4 denotes chemisorbed/ intercalated adsorbed water molecules groups. Error bars represent the standard deviation estimated from six sets of data. The lines shown are guides to the eye only.
The Journal of Physical Chemistry C ARTICLE of O-related resonances, unfortunately, NEXAFS database in literature is not rich enough to deconvolute and assign all the peaks. Upon judicious review of the available literature we have assigned the peak-positions, 9,47,49À56 as shown in part a of Figure 7 .
Upon thermal treatment, a number of important changes can be identified in the spectra of TRGO. The π* resonance (I 1 ) clearly shifts to higher energies, moving toward the position of I 2 , whereas its fwhm becomes broader due to presence of mainly CÀOH moieties. The two resonances between the π* and σ* discernible at ∼287 (I 3 ) and ∼288.7 eV (I 4 ) disappear at 400°C. The assignment of these intermediate peaks in the absorption spectra of graphene related structures is highly debatable. In particular, the presence of peak around 288 eV was originally observed in the NEXAFS spectra of HOPG 55 and few-layer graphene 56 and was attributed to the free electron like set of bands corresponding to electronic excitations lying between graphite layers (interlayer states). Others have provided evidence that this feature (∼289 eV) originates from ÀCOOH moieties present in single-wall carbon nanotubes, 53 carbon fibers 49 and GO. 9, 47 Here, given the prominence of I 4 peak in heavily oxidized graphene films and its complete disappearance upon thermal annealing, we have assigned its origin to COOH consistent with XPS, where the presence of a sufficient density of carboxylic moieties in GO has been confirmed. The broad asymmetric peak I 3 originates mainly from π*(CÀOÀC) contributions and partly by π*(CÀOH).
9,47
The σ* region, which is strongly enhanced due to normal incidence of the polarized beam is dominated by doubly bonded CdO moieties (peaks I 7 to I 9 ). 53, 54 Its temperature evolution reveals a huge loss of CdO groups, which agrees well with our earlier XPS discussion on thermal instability of CdO groups. At 400°C, there is a curious splitting of the σ* peak (1sfσ*) into 2 peaks, with the simultaneous emergence of the σ* exciton peak (I 5 ). 49 The appearance of the distinct peak I 5 supports the progressive restoration of graphitic structure in GO, however its reduced/subexpressed structure, compared to π* peak, indicates the existence of small graphene planes/domains, 49 as predicted in XRD and Raman studies.
Remarkably, after thermal reduction, transitions to states of σ symmetry are seen to decrease dramatically compared to transitions to states of π symmetry. This is visualized in Figure S3 of the Supporting Information, which depicts the intensity ratio of π*/σ* peaks at the C K-edge, as a function of annealing temperature. This ratio is used to provide an estimate of the relative concentration of sp 2 domain configurations in a sp 3 matrix consisting of carbon atoms connected to oxygen groups. 51 High values of π*/σ* ratio around the temperature zone of 400À600°C due to the substantial reduction of edge plane doubly bonded CdO moieties are consistent with the appearance of aromatic characteristic (πfπ*) plasmon peak at the same T r range. At higher temperatures T r > 400°C, the change in π*/σ* is less dramatic due to slow reduction in both edge and basal plane O-moieties. Further evidence on the significant loss of oxygenated functional groups upon thermal treatment at 400°C is provided by the O K-edge NEXAFS spectra presented in part b of Figure 7 , where the main peaks are assigned according to literature. 9,47,50À52 Two distinctive peaks I 1 and I 2 appearing at the low energy tail of O K-edge attributed to the π* state of COOH groups located at the GO edge sites, 9,47 disappear at 400°C.
High-Resolution In Situ Valence Band (VB) Spectroscopy. Valence band spectroscopy is another powerful tool 13, 57, 58 to evaluate how the π conjugated system has been progressively restored after thermal treatment. Part a of Figure 8 shows the high-resolution VB spectra recorded at different temperatures. On the basis of photoemission spectroscopic data and theoretical band structure calculations for graphite, the region from 2 to 12 eV above Fermi level (E F ) represents characteristics of C2p electrons, the section 12À22 eV corresponds to C2s valence electrons, followed by the O2s region at higher BE.
44,59À62
A number of interesting features can be identified from the VB spectra. As prepared GO is dominated by O2s with a band centered at 26.3 eV 61 and its Fermi edge shifted to higher energies revealing the insulating nature of the material. The shoulder located at ∼8 eV is associated with strong σ bonding states (C2p-σ) in graphitic-like carbon, indicating the presence of a substantial sp 2 ordering. 44, 59, 60 Thermal reduction improves the contribution from C2p states and simultaneously reduces the O2s confirming the deoxygenation of O-moieties. In particular thermal treatment at 600°C, induces the growth of a new sharp double feature with peaks at 2.3 and 3.25 eV associated with conjugated π bonds (C2p-π bands) of graphene. 44, 59, 60 An enrichment of the π-peak intensity in the valence band The Journal of Physical Chemistry C ARTICLE photoemission data implies the formation of sizable graphene domains with 3-fold coordination. 60 VB spectra at 1000°C resemble those of the starting graphite.
Interestingly, the π-derived density of states (DOS) at the vicinity of E F in the range of 0À2.0 eV (part b of Figure 8 ) rises with increasing temperature, with the steepest rise occurring at 600°C. This rise in VB provides a strong indication for the existence of metallic character in the reduced graphene.
44, 62 The simultaneous rise of DOS at E F and the enrichment of π-peak intensity in C2p region definitely reflect the progressive restoration of π conjugated aromatic C-structure by deoxidation via thermal treatment. Curiously, further increase in temperature (>600°C) caused a reduction in the π-derived DOS indicating the presence of a high level of defects. The observation is consistent with Raman and XRD results, which confirmed that thermal treatment at 1000°C is not adequate for the complete restoration of aromatic C-structure. Presumably, the enforced removal of basal O-species produces strains in CdC bonds and topological wrinkles or hole-like defects on the atomic C structure. 6, 27 Consistent with the XPS results the π/σ ratio obtained from C2p-π/C2p-σ bands shows an initial drastic increase followed by a slower increase (part c of Figure 8 ).
Another important observation is the progressive decrease in the O2sÀC2s peak separation with thermal treatment illustrated in part c of Figure 8 . The augmentation of O2sÀC2s separation has been associated with the presence of intermediates between the CdO double bond groups and the C-O single bonded O to C, in progressively oxidized graphitic materials, following the order: CÀOÀC > CdO > CÀOH. 61 Thus, the smallest separation, observed in highly reduced GO (∼800°C), would be attributed to the prevalence of phenolic/hydroxyls over other O-species. 61 The larger separation at low temperatures would indicate contribution from CÀOÀC and CdO moieties. 61 
' CONCLUSIONS
Employing a combination of high-resolution in situ temperature-dependent spectroscopic techniques including XPS, VB, and NEXAFS, we have clarified a number of important issues concerning the evolution of the electronic structure of GO upon the heat treatment. (i) First it is established that, upon progressive thermal treatment, the edge-plane COOH groups become highly unstable, whereas >CdO are more difficult to be removed. (ii) The CÀOH group in the phenolic form is the most thermally stable of all the oxygen species (part c of Figure 9 ). (iii) The thermal evolution of CÀOH groups exhibits a well-defined transition temperature around 400°C. At lower temperatures, there is an upward trend due to the formation of phenol groups, whereas at T r > 400°C there is decreasing trend due to their decomposition (parts bÀc of Figure 9 ). (iv) Valence band spectra reveal a drastic increase in the DOS near E F at 600°C, whereas further increase in temperature reduces the DOS to levels similar to those of graphite. The ability to achieve higher DOS at considerably lower temperatures compared to 1000°C normally considered for partially restoring the aromaticity of thermally reduced graphene oxide holds significant advantages for nanoelectronics application.
' ASSOCIATED CONTENT b S Supporting Information. Table of XPS analyses, figure of TEM images, figure of XPS spectra, and a figure of intensity 
